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Ligon lintless-1Fiber length is a key determinant of cotton yield and quality. Using a monogenic dominant cotton mutant
Ligon lintless-1 with extremely short ﬁbers, we employed microarray technology and quantitative real
time PCR to compare transcriptomes of Li1 and the normal wild-type TM-1, the results showed that only a
few genes differentially expressed in 0 days postanthesis (DPA) ovules and 3 DPA ﬁbers, whereas 577 tran-
scripts differentially expressed in 6 DPA ﬁbers. 6 DPA is probably a key phase determining ﬁber elongation. Gene
ontology analyses showed such processes as response to stimulus, signal transduction, and lipid metabolism
were readjusted by the mutant gene. Pathway studio analysis indicated that auxin signaling and sugar signaling
pathways play major roles in modulation of early ﬁber elongation. This work provides new insight into the
mechanisms of ﬁber development, and offers novel genes as potential objects for genetic manipulation to
achieve improvement of ﬁber properties.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Cotton is a mainstay of the global economy and is prized for its
excellent natural ﬁber properties. Cotton ﬁbers are single-celled
seed trichomes originating from the epidermis of the outmost integ-
ument of ovule. Lint ﬁber expansion and elongation commences on
the day of anthesis and continues typically until 21 days postanthesis
(DPA), during this period, the ﬁbers elongate rapidly from 3 to 5 DPA,
peak at around 10 DPA, and eventually grow up to 30 to 40 mm in
length. Short or fuzz ﬁbers initiate during 4–10 DPA and never reach
more than 10 mm in length [1]. The economic importance and the
unique property of rapid plant cell expansion at the single-cell level
without complex cell division andmulti-cellular development of cotton
ﬁber have attracted a lot of efforts to study the molecular basis of ﬁber
development for decades [2–5]. In recent years, cotton functional geno-
mics has gained much new insight into ﬁber development, particularly
in ﬁber expansion, elongation and second cell wall synthesis [6]. Trans-
criptomes have been proﬁled by large-scale sequencing of the
expressed sequence tags (EST) from elongating cotton ﬁbers of a dip-
loid G. arboreum cotton species [7,8], earlier stage ovules of G. hirsutum
[9,10], and G. barbadense ﬁber [11]. By microarray-based differential
expression analyses, ﬁber developmental stage-speciﬁc genes were
identiﬁed [3,5,12,13]; through comparing transcriptomes of different
tissues, genes encoding transcription factors such as MYB and WRKY,
and those coding proteins involved in auxin, brassinosteroid (BR),rights reserved.gibberellic acid (GA), abscisic acid (ABA), and ethylene signaling and
other metabolism pathways were found to play important roles in
the ﬁber development [9].
Mutants in combination with microarrays or next generation se-
quencing provide a powerful approach to discover genes linked to
key stages of ﬁber development, for example, by comparing genes
expressed in fuzzless–lintless mutant ovules with those in ﬁber-
bearing wild-type ovules [8,14–16], potential transcriptional regula-
tors and metabolic pathways were identiﬁed to be important for ﬁber
development, some with similarity to those regulating Arabidopsis
trichome development, for example, ethylene biosynthesis is one of
the most signiﬁcantly up-regulated biochemical pathways during
ﬁber elongation [8]. On the basis of these data, a number of cotton
ﬁber development-related genes have been molecularly cloned and
characterized. However, ﬁber elongation is a complex process in that
ﬁber cell is assumed to elongate via a combination of both tip growth
and diffuse-growth modes [17], ﬁber development is regulated by
gene network rather than single genes, and the molecular basis for cot-
ton ﬁber elongation is largely undeﬁned.
Ligon lintless 1 (Li1), a monogenic dominant mutant characterized
by abnormal lint ﬁber development, bears very short lint ﬁbers indis-
tinguishable from the fuzz ﬁbers. Cytological analysis showed that Li1
ﬁbers initiate and elongate in a similar manner to its isogenic wild-
type line, TM-1, from 0 to 2 DPA until 3 DPA when Li1 ﬁbers appear
to be slightly malformed [18], the ﬁber secondary wall deposition is
extensively thickened as well, therefore, this mutant was employed
as a model to study ﬁber elongation and secondary cell wall synthesis.
Previous microarray analysis revealed similar genetic proﬁle of 15 DPA
ﬁbers, whereas over 100 transcripts of 24 DPA ﬁbers differentially
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6 DPA ﬁbers also showed no signiﬁcant difference, while 81 proteins
differentially expressed in 12 DPA ﬁbers between the two lines [20].
However, it is noticeable that morphological changes of Li1 ﬁber cells
have been visible at about 7–8 DPA, therefore, current knowledge
about this mutant is incomplete to understand molecular mechanisms
of the shortened ﬁber elongation. To ﬁll this gap, the transcriptomes of
0 DPA ovules, 3 and 6 DPA ﬁbers of Li1 and its near-isogenic wild-type
TM-1 were compared by using Affymetrix® Cotton Genome Array, the
results were further validated by quantitative realtime PCR analyses.
The differentially expressed genes were analyzed by gene ontology
(GO) enrichment tools, and gene networks involved were analyzed
with Pathway studio software. This paper is intended to gain new
insight into molecular mechanisms governing ﬁber cell elongation
and identify new candidate genes as potential targets for genetic
manipulation of ﬁber properties including length, a key determinant
of ﬁber yield and quality.
2. Results
2.1. Morphology of mutant Li1 ﬁbers during initiation and early elongation
The Li1 mutant gene produces pleiotropic effects both on vegeta-
tive and reproductive morphogeneses that the mutant plant displays
a distorted growth as early as the cotyledonary seedling stage and
extremely shortened lint ﬁbers. For ﬁber development, SEM analy-
ses revealed no discernable differences in the appearances of ovules
and ﬁbers from Li1 and TM-1 on 0 and 2 DPA. The mutant ﬁbers
showed to undergo normal initiation as visualized on 0 DPA with
no apparent differences in the distribution or density of ﬁber initials
on the ovule surfaces (Fig. 1). Likewise, mutant and TM-1 ﬁber
morphology and length appeared nearly the same during the early
elongation stage of ﬁber development until 6 DPA. Signiﬁcant differ-
ences in ovule appearance and ﬁber length were observed on 8 DPA
as shown in Fig. 1. These phenomena indicate that the retarded ﬁber
elongation in Li1 is largely dictated by early structural and molecular
events. Therefore, this mutant provides unique model for studying
molecular mechanisms underlying early stage of ﬁber cell elongation.
2.2. Tremendous changes of gene expression take place in Li1 ﬁber during
primary elongation
To illuminate the molecular mechanisms controlling early ﬁber
elongation, the samples of ovules (0 DPA) and ﬁbers (3 and 6 DPA)
were collected from Li1 mutant and TM-1, respectively, to generate
transcription proﬁles of ovules and ﬁbers during ﬁber initiation and
early elongation by using 24 K Affymetrix® Cotton Genome Array
with three biological replications. Raw data were normalized by
GCOS using the MAS5 algorithm. The expression level of each probe
set was compared between TM-1 and Li1 at each developmental
stage respectively using t-test and SAM. Only 18 and 35 genes
showed to be differentially expressed in 0 DPA ovules and 3DPA ﬁbers0 DPA 2DPA 3 DPA
TM-1 
Li1
Fig. 1. Comparison of Li1 mutant and TM-1respectively. While in 6 DPA ﬁbers, up to 1398 genes were differen-
tially expressed, 577 of which showing ≥2 fold change with 321
down-regulated and 256 up-regulated in Li1 (Fig. 2A). In comparing
the differentially expressed genes across the time course of 0, 3, and
6 DPA, 8 genes were consistently down-regulated (5) or up-
regulated (3) in Li1, but only two of the down-regulated genes can
be annotated as alcohol dehydrogenase and thioredoxin superfamily
protein; 7 differentially expressed genes were speciﬁc for 0 DPA
ovules, 5 differentially expressed genes were speciﬁcally shown in 3
DPA ﬁbers, most differentially expressed genes (544) were speciﬁcally
detected in 6 DPA ﬁbers (Fig. 2B). These results suggests that 6 DPA is
most likely a turning point for ﬁber elongation in Li1 mutant, the rep-
rogrammed gene expression at this stage represents the molecular
mechanisms modulated by the mutant gene that may play crucial
roles in ﬁber elongation.
When we compared the differentially expressed genes with the
gene classes previously reported to be involved in ﬁber development,
98 genes with ≥2 fold change fall into the subgroup of genes known
to be related to cotton ﬁber elongation and expansion, including 24
transcripts related to hormone [8,21–25], 7 transcription factors
[26–28], 3 proteins similar to expansin [29], 2 transcripts for extensin,
16 for cytoskeleton [30–37], 2 G-protein, 17 for turgor pressure
[38,39], 5 for lipid metabolism [21], 9 for signaling [40,41], 4 for ener-
gy/carbohydrate metabolism [42–44], and 8 for redox homeostasis
[45–47] (Table S1). This result on one hand further conﬁrms that
those classes of genes play essential roles in ﬁber elongation, on the
other hand, indicates that Li1 mutant is an excellent model for investi-
gating the molecular mechanisms speciﬁc for cotton ﬁber elongation.
2.3. Gene ontology enrichment analysis of the cotton probe sets
reprogrammed by Li1 gene
To identify possible biological pathways that were modulated by
the mutant gene, GO category enrichment analysis was performed
using an FDR adjusted p-value of ≤0.05 as the cutoff (http://
bioinformatics.cau.edu.cn/easygo/). The results of the GO annotation
for the down-regulated and up-regulated probe sets are listed in
Tables 1 and 2 respectively. Among the 1021 down-regulated probe
sets, 628 probe sets were assigned into biological processes, 680
were assigned into molecular function, and 620 were assigned into in
the cellular component. GO term enrichment provided a lot of intrigu-
ing results. Such biological important processes as cellular signaling,
lipid metabolism, organic acid metabolism and response to stimulus
were depressed in Li1 mutant. The signiﬁcantly enriched GO terms in-
volve cell communication (3.50E-03), signal transduction (1.80E-03), in-
tracellular signaling cascade (9.80E-03), cellular lipid metabolic process
(2.70E-03), fatty acid metabolic process (7.70E-05), organic acid meta-
bolic process (8.20E-03), carboxylic acid metabolic process (8.20E-03),
monocarboxylic acidmetabolic process (3.30E-04), response to stimulus
(1.90E-03), response to abiotic stimulus (1.90E-04), response to temper-
ature stimulus (8.70E-03), response to endogenous stimulus (8.70E-03),
response to chemical stimulus (2.90E-03), lipid metabolic process8 DPA 10 DPA mature
ﬁbers and ovules during development.
Table 1
Gene ontology analysis of 1021 down-regulated probe sets.
GO term GO name Qnuma B/Rnumb FDR p-value
Biological process 628 23,741
GO:0007154 Cell communication 52 1072 3.50E-03
GO:0007165 Signal transduction 49 944 1.80E-03
GO:0007242 Intracellular signaling cascade 31 556 9.80E-03
GO:0044255 Cellular lipid metabolic process 29 452 2.70E-03
GO:0006631 Fatty acid metabolic process 19 166 7.70E-05
GO:0006082 Organic acid metabolic process 33 595 8.20E-03
GO:0019752 Carboxylic acid metabolic process 33 594 8.20E-03
GO:0032787 Monocarboxylic acid
metabolic process
23 267 3.30E-04
GO:0050896 Response to stimulus 121 3120 1.90E-03
GO:0009628 Response to abiotic stimulus 56 1038 1.90E-04
GO:0009266 Response to temperature
stimulus
22 328 8.70E-03
GO:0009719 Response to endogenous stimulus 38 735 8.70E-03
GO:0042221 Response to chemical stimulus 70 1579 2.90E-03
GO:0006629 Lipid metabolic process 43 649 4.30E-05
Molecular function 680 24,729
GO:0003824 Catalytic activity 263 7373
GO:0016740 Transferase activity 110 2597 6.10E-04
GO:0016746 Transferase activity,
transferring acyl groups
18 200 1.30E-03
GO:0016747 Transferase activity, transferring
groups other than amino-acyl
groups
17 175 1.10E-03
GO:0008415 Acyltransferase activity 17 173 1.10E-03
Cellular component 620 22,800
GO:0044464 Cell part 470 15,052 6.70E-06
GO:0005794 Golgi apparatus 19 213 6.60E-04
GO:0005856 Cytoskeleton 15 174 6.70E-03
GO:0016020 Membrane 190 4455 3.50E-09
Table 2
Gene ontology analysis of 377 up-regulated probe sets.
GO term GO name Qnuma B/Rnumb FDR p-value
Molecular function 225 24,729
GO:0003824 Catalytic activity 99 77,373 3.00E-04
GO:0016491 Oxidoreductase activity 28 1113 1.30E-04
Cellular component 190 22,800
GO:0005737 Cytoplasm 69 5893 0.04
GO:0044444 Cytoplasmic part 65 5534 0.05
GO:0005773 Vacuole 14 569 0.02
GO:0016020 Membrane 56 4455 0.03
GO:0005886 Plasma membrane 37 2007 4.00E-0414 19
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Fig. 2. The differentially expressed genes between Li1 mutant and TM-1 in the ovules of
0 DPA and ﬁbers of 3 and 6 DPA during the time course of cotton ﬁber initiation and
early elongation identiﬁed by using microarray analyses. A: the up- and down-regulated
genes represent that genes were increased and decreased in expression levels in Li1
compared to that in TM-1 respectively. B: distribution of the differentially expressed
genes at three stages.
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terms in molecular function are all transferase activity (GO:0016740,
GO:0016759, GO:0016746, GO:0016747, GO:0008415), indicating
membrane and cell wall syntheses began to be compromised in Li1mu-
tant at this stage. The enriched GO terms in the cellular component
include cell part (GO:0044464), Golgi apparatus (GO:0005794), cy-
toskeleton (GO:0005856), and membrane (GO:0016020).
For the 377 up-regulated probe sets, 194 probe sets featured GO
term annotations in biological processes which were all enriched in
response to chemical stimulus (GO:0042221), some endogenous
chemicals may be abnormally generated and accumulated in Li1 mu-
tant thereby inﬂuencing plant growth and development including
ﬁber elongation. 225 featured GO term annotations in molecular
function, catalytic activity (GO:0003824) and oxidoreductase activity
(GO:0016491) are signiﬁcantly enriched. 190 featured GO term anno-
tations in cellular component, and 37 probe sets were most signiﬁ-
cantly enriched in plasma membrane (GO:0005886) (Table 3).
This result indicates the powerful function of the mutant gene as
well as the complexity of ﬁber elongation.2.4. Response to stimulus, signal transduction and lipid metabolism
processes were substantially reprogrammed in Li1
Proteins involved in response to stimulus, signal transduction and
lipid metabolism processes are most signiﬁcantly enriched in GO
analysis, therefore, it is worthwhile to address the related genes and
networks. Plant perception of various stimuli such as chemicals, grav-
ity, light, moisture, temperature, physical disruption etc. occurs on a
cellular level and its concomitant reactive behavior is mediated by
phytochromes, kinins, hormones, antibiotic or other chemical release,
changes of water and chemical transport, and other means. Some
stimuli can act as or induce generation of signaling molecules which
activate speciﬁc membrane receptors, and subsequently cause second
messengers to continue the signals into the cell and elicit physiolog-
ical responses. In the present study, 121 genes involved in response
to stimulus were down-regulated in Li1 mutant ﬁber at 6 DPA
(Table 4), including 92 (76%) genes in response to the environmental
stimuli including light, temperature, water, microbes, etc., 41 (33%)
genes in response to almost all known hormone stimuli including
auxin, GAs, ethylene, ABA, jasmonic acid, salicylic acid, BRs, and cyto-
kinin, in addition, 8 (6.6%) genes in response to oxidative stimulus, 7
(5.8%) genes in response to developmental, and 5 (4.1%) genes in
response to sugar signals.
Plant hormones have long been recognized to play crucial roles in
regulating ﬁber development both in vivo and in vitro. The extent of
ﬁber elongation is often regulated by environmental cues and en-
dogenous stimuli. Among the 41 hormone-related genes enriched
in response to stimuli, 11 genes in response to multiple hormones,
8 genes in response to auxin, 4 genes in response to GAs, 7 genes in
response to ABA, 4 genes in response to jasmonic acid, 3 genes in
response to BR, and 3 genes in response to VLCFA.
Table 3
Summary of differentially expressed cell signaling-related probe sets in 6 DPA ﬁbers.
Signaling Description Probe set number
Lipid Fatty acid omega-oxidation 1
Phospholipase C2 2
Diacylglycerol kinase 7 1
Sugar Glutamine-dependent asparagine synthetase 1
Hexokinase 1
Hormone
Gibberellins (GA) F-box protein GA 1
GA20 1
GASA4 1
GID1 1
TIP 1
Auxin DCN 1
Integral membrane protein 1
Brassinosteroid (BR) Positive regulator of the brassinosteroid (BR) signaling pathway 1
Protein kinase 1
Abscisis acid Farnesyl-trans-transferase 1
Jasmonic acid JAZs 1
Multiple hormones HD-ZIP 1
Multiprotein bridging factor1 1
Protein containing LRR and F-box domain 1
Peptide hormone RALF 1
G protein RAS-related 2
RhoGAP, pleckstrin homology 1
ARF GTPase 1
ARF GAP 1
XLG1 (extra-large G protein) 1
Small GTPase 1
Rab GTPase 2
Rab GAP/TBC 2
Rac GTPase 1
Ca2+ CBL-interacting protein kinase 12 2
CDPK 1
MAPK 2
Transmembrane receptor protein tyrosine kinase signaling pathway
Leucine-rich repeat transmembrane protein kinase
Receptor-like transmembrane kinase I (TMK1)
Tyrosine kinase 1
Leucine-rich repeat transmembrane protein kinase 4
Receptor-like transmembrane kinase I (TMK1) 1
Miscellaneous Serine/threonine protein phosphatase 2A 1
Polygalacturonase inhibiting protein 1 1
LRR 4
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were down-regulated in Li1, including lipid, sugar, hormone, G
protein, Ca2+, and transmembrane receptor protein tyrosine kinase
pathways (Table 3).
Lipid metabolic process is relevant to construction of cellular
membrane system and biosynthesis endogenous stimuli essential
for cell expansion during ﬁber elongation. It is interesting to
note that 43 genes involved in lipid metabolic process were
down-regulated in Li1 6 DPA ﬁbers. Among which, 5 genes in-
volved in very-long-chain fatty acid (VLCFA) metabolism, where
a 3-ketoacyl-CoA synthase known as the rate-limiting enzyme in
VLCFA biosynthesis, and an epidermis-speciﬁc beta-ketoacyl-CoA
synthase probably involved in the synthesis of long-chain lipids
found in the cuticle. Furthermore, a transcription factor of MYB ho-
molog involved in response to hormones including auxin, jasmonic
acid, GA, ABA, salicylic acid, ethylene and regulating very-long-
chain fatty acid biosynthesis, a transcription factor named as
WRINKLED1 responding to sucrose stimulus and regulating glycol-
ysis and lipid biosynthetic process. A GAs 20-oxidase involved in
the later steps of the GAs biosynthetic pathway, two cytochrome
P450 genes shown to be involved in biosynthesis of BR and
jasmonic acid respectively, in addition, a couple of enzymes cata-
lyzing membrane biosynthesis, oxidation, reductase, indicating
that membrane system is dynamic during this elongation stage.
The interaction and function contexts of the differentially
expressed genes were further explored by using Pathway studio soft-
ware: two major networks were especially altered in the mutant
at this stage as shown in Figs. 3 and 4. Fig. 3 shows that the auxin
signaling pathway including biosynthesis regulation, transportation,reception, auxin-activated transcription regulation is remarkably
down-regulated by the mutant gene, down-regulated GA biosynthe-
sis may contribute to some parts of this process. Ethylene is probably
the common target of IAA and GA, by which to modulate ﬁber devel-
opment. Furthermore, the salicylic acid related pathway is unexpect-
edly to be up-regulated by the mutant gene, the interaction and
homeostasis of GA, salicylic acid, and ethylene together with their ef-
fects on ﬁber development deserve further investigation. Resultantly,
biosynthesis of anthocyanin, cutin, and lipid was down-regulated in
the mutant.
Fig. 4 shows the sucrose/starch biosynthesis and sugar signaling
networks altered in Li1. Therein, the hexokinase 1 (AT4G29130),
as a genuine glucose sensor, is up-regulated in Li1, hexokinase 1-
associated proteins including tubulin alpha-6, beta-6 chain, and a clus-
ter of heat shock proteins which can ultimately regulate actin and actin
binding proteins (AFH1 and ADF5) were down-regulated in this mu-
tant. These results indicate that actin proper arrangement is essential
for ﬁber elongation. Interestingly, hexokinase 2 (AT2G19860), which
is positively regulated by sucrose and negatively regulates hexokinase
1, was down-regulated by the mutant gene, suggesting that starch/
sucrose metabolism is involved in this process.
2.5. Transcription factors regulated by the mutant gene
Transcription factors are well known to be primarily involved in
the initiation stage of RNA transcription which plays a key role in reg-
ulation of gene expression of eukaryotes. In response to developmen-
tal cues and various stimuli, an array of regulation mechanisms was
repressed or activated by Li1 including transcription regulation. In
Table 4
Summary of changed transcription factor (TF) probe sets in 6 DPA ﬁbers of Li1.
TF family Probe set
number in chip
Down-regulated % Up-regulated %
ERF 25 9 36 2 8
bZIP 21 7 33.33 3 14.29
bHLH 35 6 17.14 4 11.43
C2H2 30 6 20 5 16.67
M-type 29 6 20.69 5 17.24
GRAS 27 6 22.22 3 11.11
MYB 27 6 22.22 4 14.81
NAC 30 5 16.67 8 26.67
Trihelix 23 5 21.74 3 13.04
G2-like 6 5 83.33
MYB-related 38 4 10.53 9 23.68
WRKY 16 4 25 4 25
FAR1 8 4 50 1 12.5
S1Fa-like 26 3 11.54 4 15.38
LBD 17 3 17.65 3 17.65
C3H 11 2 18.18 1 9.09
HB-other 6 2 33.33
SBP 5 2 40
AP2 3 2 66.67
BES1 4 1 25
NF-X1 2 1 50
RAV 2 1 50
TALE 2 1 50
GATA 2 1 50
MIKC 3
TCP 2
B3 6 2 33.33
ARF 2 1 50
Dof 2 1 50
Nin-like 1 1 100
CO-like 1 1 100
DBB 1 1 100
HD/ZIP 2
NF-YB 1
GRF 1
ZF/HD 1
LSD 1
CPP 1
NF-YA 1
46 K. Liu et al. / Genomics 100 (2012) 42–50the present study, a total of 158 transcription factors were readjusted
by the mutant gene in 6 DPA ﬁbers, among which, 92 were down-
regulated and 66 were up-regulated in Li1 (Table 4). A large number
of them are related to plant growth and development such as bZIP
(33.33% under-expressed and 14.29% over-expressed), bHLH (17.14%,
11.43%), C2H2 (20%, 16.67%), M-type (20.69%, 17.24%), MYB (22.22%
and 14.81%), NAC (16.67% and 26.67%), Trihelix (21.74% and 13.04%)
and G2-like (83.33%). Regulatory gene families involved in responding
to stimulus such as ERF (36% and 8%), GRAS (22.22% and 11.22%) and
WRKY (25% and 25%) were also enriched.2.6. Quantitative real-time PCR validation of microarray data
To validate microarray results, we selected 46 probe sets for quan-
titative RT-PCR analysis. Results of the pair-by-pair comparison of
each probe set between chip data and the results of RT-PCR are listed
in Supplemental Table 2. The results of qRT-PCR analysis of the select-
ed genes matched the chip data very well, suggesting the microarray
analysis data are creditable. Among the 46 cotton genes, two genes
are auxin-responsive proteins; six genes are related to cytoskeleton
including fasciclin-like arabinoogalactans, beta-tubulins, actin bind-
ing protein (CRK), and an actin depolymerizing factor (ADF). In addi-
tion, water channel protein (NIP4), two expansins, two transcription
factors (KNAT6, WRKY), a sucrose synthase, and enzymes involved in
membrane construction were also validated.3. Discussion
Ligon lintless 1 mutant can initiate ﬁbers normally from ovule epi-
dermal cells at anthesis and ﬁbers elongate in similar way until 3 DPA,
aberrant primary elongation, crystalline cellulose synthesis and depo-
sition occur thereafter that produce signiﬁcantly shortened ﬁber with
extensively thickened cell walls. In a previous study, the gene expres-
sion proﬁle of 15 DPA Li1 ﬁbers was found to be similar that of TM-1
by using a custom cotton ﬁber microarray [19], no differential pro-
teins were detected in 6 DPA ﬁber proteomes either [20]. When and
why Li1 ﬁber elongation is halted remains largely unknown. The
main objective here was to characterize gene expression pattern in
Li1 ovules and/or ﬁbers during early ﬁber development through a
comparative transcriptome analysis between Li1 and TM-1 by using
Affymetrix cotton genome array. We ﬁrst showed here that there
were only a few genes signiﬁcantly different in their expression levels
in 0 DPA ovules and 3 DPA ﬁbers, whereas hundreds of genes showed
signiﬁcantly altered expression levels in 6 DPA ﬁbers of Li1 compared
to TM-1, therefore, 6 DPA is most likely a critical stage determining
early ﬁber elongation, the differentially expressed genes modulated by
the mutant genes in this stage are probably the key genes governing
early ﬁber elongation that they are worthy to be closely analyzed. We
successfully identiﬁed 1021 down-regulated probe sets and 377 up-
regulated probe sets in ﬁbers of Li1 mutant on 6 DPA with q-value
≤0.05, when added the threshold value of |log2Ratio|≥1 to control
false discovery rate, the number changed to be 321 and 265 respective-
ly. Some candidate genes were further validated by qRT-PCR analysis.
Our results ﬁrst detected differentially expressed genes as early as 6
DPA, at the time that Li1 ﬁbers begin to display morphological changes.
Using GO annotation and pathway analysis tools, we gained a novel in-
sight into the mechanisms and gene networks that underlie the pheno-
typic differences.
GO analysis showed that the GO term “Response to stimulus”was
signiﬁcantly enriched (Table 1). Because plant cell wall is a dynamic
and complex structure whose functional integrity is constantly being
monitored and maintained during development and interactions
with the environment, development, abiotic and biotic stress each
affects the physical architecture and chemical composition of the
plant cell wall, making maintenance of cell-wall integrity as an im-
portant component of many plant processes [48]. Environmental or
developmental cues may share some at least partially common path-
ways to regulate cell wall expansion. For example, three transcrip-
tion factor MYB homologs (AT3G28910, AT1G08810, AT3G55730)
and a transcription regulator acting as repressor of auxin-inducible
gene expression (AT3G23050) which were down-regulated in Li1
are versatile regulators in response to auxin and at least one kind
of stress stimulus. Tubulins are well-known as a kind of cytoskeleton
playing crucial role in ﬁber development [30–32,49], plant cortical
microtubules are putative sensors under abiotic stresses as well
[50]. The second largest subgroup of genes in response to stimulus
is that genes responsive to hormones including auxin, GAs, ethylene,
ABA, jasmonic acid, salicylic acid, BRs, and cytokinin. Five genes in-
cluding a GA20-oxidase (GA20OX1), three GA receptors of GID1c,
CXE18 and CXE20, and an F-box protein are involved in GA signaling,
all except for CXE20 were repressed in Li1 ﬁbers. GA20OX1 which
promotes GAs (especially GA4) synthesis in cotton and GA receptor
of GID1c were reported to be preferentially expressed in developing
cotton ﬁbers previously, over-expressing GA20OX1 produced signif-
icantly more ﬁber initials per ovule, and increased ﬁber length
[8,9,22]. Moreover, four auxin-responsive proteins including IAA7,
IAA14, SAUR68, and an SAUR were down-regulated in Li1. In a previ-
ous study, auxin responsive genes were highly expressed in the fast
elongation stage (6 to 12 DPA) compared to both before and after
the fast elongation stage. These data support the assumption that
auxin plays a role in promoting cotton ﬁber elongation [51],
however, an auxin response factor (ARF2) and a SAUR (small auxin
expression 
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MolTransport Molsynthesis 
Bingding 
Fig. 3. A hormone-related sub network regulated by the mutant gene. Ellipses in red and blue represent the differentially expressed genes (proteins), where red and blue indicate
up- and down-expressed in Li1 respectively. Ellipses in green indicate the small molecules.
47K. Liu et al. / Genomics 100 (2012) 42–50up-regulated)-like auxin-responsive protein were up-regulated in
Li1 in this work, indicating that auxin may function in a complicated
way. Two transcripts encoding BSK3 (Brassinosteroid-signaling ki-
nase 3) and BRH1 (Brassinosteroid-responsive ring-H2) were both
down-regulated in Li1, implying that they are necessary for normal
ﬁber elongation. Ovule culture studies conﬁrmed a role for BR during
ﬁber elongation in addition to ﬁber initiation [52]. The BR biosyn-
thetic pathway was modestly upregulated during ﬁber elongation
[8], the transcript of a steroid 5d-reductase catalyzing a major rate-
limiting in BR biosynthesis was highly expressed during the ﬁber ini-
tiation stage and the ﬁber rapid elongation stage, antisense-mediated
suppression of this genes inhibited both ﬁber initiation and ﬁber elon-
gation [53]. Brassinosteroids induced expression of GhTUB1, GhTUB3,
GhTUB9, and GhTUB12 in cultured ovule [30]. This study adds two BR
signaling proteins into the story. Additionally, 3 ABA responsive GRAM
domain family proteins were up-regulated, while one same family ABA
responsive protein similar to AT5G08350 was down-regulated in Li1.
Genomic analyses indicated that ethylene biosynthesis was one of the
most signiﬁcantly up-regulated biochemical pathways during ﬁber
elongation and 1-Aminocyclopropane-1-Carboxylic Acid Oxidase1-3
(ACO1-3) genes responsible for ethylene production were expressed at
signiﬁcantly higher levels during this growth stage [8]. In this work, how-
ever, two transcripts encoding ACO were unexpectedly up-regulated in
shortened mutant ﬁber. Meanwhile, the transcript encoding a member
of the ERF (ethylene response factor) subfamily B-3 of ERF/AP2 transcrip-
tion factor family was down-regulated in Li1. This result indicates that the
effect of ethylene on ﬁber elongation depends largely on the downstream
responses.
The GO analysis also indicated that genes related to signal transduc-
tion and lipidmetabolismwere signiﬁcantly enriched. Besides hormone
signal transduction, a dozen of G-proteins and GTPase-activating pro-
teins (GPA) were down-regulated in Li1 (Table 3), GTPases regulate
many steps of membrane trafﬁcking, including vesicle formation,vesicle movement along actin and tubulin networks, cell proliferation,
intracellular actin dynamics, ion channels, auxin polar transportation,
and hormone signaling. Fiber cell expansion occurs through cytoskele-
ton rearrangement and transportation of organelles and vesicles carrying
membranes and cellwall components to the site of cell growth, therefore
it is reasonable to assume that G-protein signaling play essential role in
regulating this process [42]. Moreover, CIPKs (CBL-interacting protein
kinase) [54], CDPK [40] and MAPK [15] which expressed in higher levels
in elongating ﬁber were down-regulated in Li1 in the present research.
Several Receptor-like kinases were also repressed in Li1, these results
provide new evidence that multiple signal pathways are involved in
ﬁber elongation.
Fatty acids with very long chains are important components of
plant lipids and cuticle waxes. During the early stages of development
of the cotton ﬁber, the genes related to biosynthesis of very-long-
chain fatty acids were signiﬁcantly up-regulated. Ethylene biosynthe-
sis is closely mediated by the saturated very long-chain fatty acids,
promoting elongation of the cotton ﬁber [21]. Our results showed
that dozens of genes for lipid metabolism including ﬁve genes in-
volved in VLCFA biosynthesis were repressed in Li1, however, two
ACO genes were up-regulated in the mutant, further investigations
should be performed to elucidate the relationship between the
endogenous ethylene concentration, VLCFA concentration and ACO
expression level.
In GO analysis by cellular component, genes for Golgi apparatus, cy-
toskeleton, and membrane were signiﬁcantly enriched and down-
regulated in Li1. Reﬂecting that cytoskeleton directed vesicle and
protein trafﬁcking, and membrane biogenesis during ﬁber expansion
repressed in Li1 are crucial for normal ﬁber elongation. Up to 16 cyto-
skeleton and skeleton-associated genes were down-regulated in Li1
without exception (Supplemental Table 1). A number of genes encoding
α-tubulin [32], β-tubulin [30], actin depolymerizing factor [33,34] and
proﬁlin [35,36] have been identiﬁed to promote ﬁber elongation.
expression Molsynthesis Bingding
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Fig. 4. A sugar-related sub network regulated by the mutant gene. Ellipses in red and blue represent the differentially expressed genes (proteins), where red and blue indicate
up- and down-expressed in Li1 respectively. Ellipses in white and black represent not found in our dataset, ellipses in green indicate the small molecules and hexagons indicate
functional classes.
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in this work, both myosin and kinesin are a large super family of
motor proteins that move along actin and microtubule ﬁlaments re-
spectively, powered by ATP hydrolysis (ATPase enzyme activity) and
force transduction, which can be regulated by G-protein signaling.
Plant kinesins containing the CH domain (KCH) may act as dynamic
links between microtubules and actin microﬁlaments, play a role in or-
ganizing the actin network in coordination with the cortical microtu-
bule array [37]. The roles of those motor proteins in ﬁber elongation
are being studied in our lab.
Furthermore, pathway analysis indicates that auxin signaling
pathway was remarkably down-regulated in the mutant, IAA, GA,
and salicylic acid may comprehensively regulate ethylene synthesis
which subsequently regulate ﬁber elongation (Fig. 3). Sugar metab-
olism and signaling together with cytoskeletons (actin and tubulin)
rearrangement may play important roles in ﬁber elongation. These
results provide an integrated view of the networks readjusted by
the mutant gene.
Attentions have long been paid on transcription factors that per-
form efﬁcient regulation on transcription level, and several newtranscription factors identiﬁed in this work deserve further function
investigation.
In this study, we used the cotton genomemicroarray to compare the
transcriptomes of Li1 and TM-1 during ﬁber initiation and primary elon-
gation, the tremendously differential gene expression occurs at 6 DPA,
GO analysis and pathway mapping of the differentially expressed
genes provide signiﬁcant insight into the underlying molecular mecha-
nisms that govern the cotton ﬁber elongation. Critical genes and path-
ways involving hormone, cytoskeleton, and lipid metabolism may
play major roles during this period. A dozen of new identiﬁed genes
promise to help our ongoing efforts to improve cotton ﬁber traits.
4. Materials and methods
4.1. Plant materials
Li1 mutant plants and its near-isogenic wild-type line of cotton cv.
TM-1 were grown in the greenhouse at Nanjing Agricultural University.
The plants were managed regularly. Flowers on 1 day before anthesis
(−1 DPA) were tied for self-pollination and tagged as a developmental
49K. Liu et al. / Genomics 100 (2012) 42–50reference point. Developing ovules of TM-1 and Li1were harvested at 0,
and 3, 6 DPA at 16:00–17:00. Three biological pools of each sample
were constructed bymixing ovules collected on July 20, 28, and August
5, 2010 respectively. Cotton ﬁbers from 3 to 6 DPA ovules of both geno-
types were isolated by grinding gently with a mortar pestle andmortar
in liquid nitrogen and ﬁltrating with nylon cloth, all samples were
stored at−80 °C until RNA isolation.
4.2. Isolation of RNA
Ovules or ﬁbers were homogenized in liquid nitrogen before isola-
tion of RNA. Total RNA was isolated using a modiﬁed CTAB method.
The quantity and quality of the RNA was assessed by denature agarose
gel electrophoresis coupled by colorimetry with NanoDrop ND-1000
UV–vis Spectrophotometer.
4.3. Affymetrix GeneChip experiment and microarray data analysis
Three sets of biological replicates were collected independently
for Affymetrix GeneChip (Affymetrix, Santa Clara, CA, USA) analysis,
8 μg total RNA from each sample was used as a template for the syn-
thesis of labeled cRNA probe using the one Cycle Ampliﬁcation Kit
(Affymetrix). The RNA samples were spiked with a set of bacterial
RNAs (controls) of known concentrations to monitor the labeling
process. All the processes for cDNA and cRNA syntheses, cRNA
fragmentation, hybridization, washing and staining and scanning
were carried out through the Affymetrix custom service (CapitalBio)
by following the standard protocol (http://www.affymetrix.com/
support/technical/manual/expression_manual.affx). The signal in-
tensity of each probe set on the GeneChip was read using Affymetrix
GCOS software and the TGT (targetmean value) was scaled as 500 for
each chip. Student's t-test analysis and log2-transformed signal ratio
of each probe set were carried out by Partek Genomics Suite (version
6.3). The q-value of each probe set was calculated by SAM (signiﬁ-
cance analysis of microarrays).
Gene ontology (GO) analysis was performed for functional catego-
rization of differentially expressed genes using EasyGO software [55]
and the p-values corrected by applying the false discovery rate (FDR)
correction to control falsely rejected hypotheses during the GO anal-
ysis. The differential expression genes were ﬁltered by Chi-square
statistical test with mean normalized log2 intensity ≥1, and an FDR
corrected p-value of ≤0.05.
Pathway studio software (version 8.0) was used to explore the
pathways.
4.4. Quantitative real-time PCR
Reverse transcription was performed using an M-MLV kit
(Invitrogen). The samples, 10 μL each containing 2 μg of total RNA
and 20 pmol of random hexamers (Invitrogen), were maintained at
70 °C for 10 min to denature the RNA and then chilled on ice for
2 min. The reaction buffer and M-MLV enzyme (20 μL of the mixture
contained 500 μM dNTPs, 50 mM Tris–HCl (pH 8.3), 75 mM KCl,
3 mM MgCl2, 5 mM dithiothreitol, 200 U of M-MLV, and 20 pmol ran-
dom hexamers) were added to the chilled samples and the samples
were maintained at 37 °C for 1 h. The cDNA samples were diluted to
8 ng/μL for RT-PCR analysis. For RT-PCR, assays were performed in
triplicate on 1 μL of each cDNA dilution using the SYBR Green Master
Mix (Applied Biosystems; PN 4309155) with an ABI 7500 sequence
detection system as prescribed in the manufacturer's protocol
(Applied Biosystems). The gene-speciﬁc primers were designed using
PRIMER3 (http://frodo.wi.mit.edu/primer3/input.htm). The ampliﬁca-
tion of 18S rRNA was used as an internal control to normalize all
data (forward primer, 5′-CGGCTACCACATCCAAGGAA-3′; reverse prim-
er, 5′-TGTCACTACCTCCCCGTGTCA-3′). The gene-speciﬁc primers are
listed in Supplemental Table 2. The relative quantiﬁcation method(ΔΔCT) was used for quantitative evaluation of the variation between
replicates.
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